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a  b  s  t  r  a  c  t
A  new  theoretical  model  for predicting  the  electro-mechanical  properties  of  knitting  sensor  is  presented,
which  is  focused  on the relationship  between  the equivalent  resistance  and  length  resistance  variation
of  loop  segments  under  strip  biaxial  elongation.  A  resistance  network  based  on yarn  length  resistance
reveals  how  equivalent  resistance  to  change  with  the  increment  of its  numbers  of  course  and  wale.
Besides,  analytical  equations  are  derived  to  calculate  length  of loop  segments  under relaxed  state  andeywords:
quivalent resistance calculation
trip biaxial elongation
nitting sensor
strip  biaxial  elongation,  respectively.  It is the  ﬁrst  time  that  the equivalent  resistance  calculating  theory
of  knitting  sensor  under  strip  biaxial  elongation  has  been  established.  By  comparing  the  calculated  results
with  the  experiment  data,  it  is found  that  fabric  deformation  related  to the  length  resistance  is  the  key
factor  affecting  the  equivalent  resistance  of  knitting  sensor.
ublisength resistance
esistance network
©  2014  The  Authors.  P
. Introduction
The application of wearable strain sensors in detecting body
osture and movement of a user makes our life much convenient.
esearchers have integrated ﬂexible devices into fabrics to real-
ze its promising performance in terms of body segment position
econstruction and posture classiﬁcation, and some of these unob-
rusive sensors can supply abstract information about our current
ctivity to other wearable computers [1–14]. And the principle of
lectro-active strain sensors is based on the resistance variation,
hich can be used to predict its deformation and mechanics. There-
ore, it is necessary to study the fundamental electro-mechanical
roperties of conductive knitted fabric to promote the development
f ﬂexible knitting sensor.
Up to now, a few authors have studied the sensing mecha-
ism of textile sensors in relaxed state and under unidirectional
xtension, for example, Zhang et al. [15–17] have explored the
abric resistance model under unidirectional elongation based on
ontact resistance and length resistance by simplifying the cir-
uit network of 4 × 5 unit loop. However,substantial computation
∗ Corresponding author at: Room 4015, Academy Building 3, No. 2999 Renmin
orth Road, Songjiang District, Shanghai 201620, China. Tel.: +8613621875473.
E-mail addresses: xiejuan@mail.dhu.edu.cn (J. Xie), hrlong@dhu.edu.cn (H. Long).
1 Address: Room 4049, Academy Building 3, No. 2999 Renmin North Road,
ongjiang District, Shanghai 201620, China.
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924-4247/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unhed  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
should be performed when calculating circuit network of large unit
loop. In order to reduce the calculation process, Liu et al. [18,19]
have proposed a macro-scope resistance model investigating the
relationship between fabric resistance and tensile force and strain
under unidirectional extension. Wang et al. [20] have presented
a fabric resistance model under uniaxial tensile based on con-
tact resistance and length resistance by deducing and simplifying
the calculating formula, in which two circle loop segments were
regarded as equal. But the fact is that head loop and sinker loop
have different behaviors during elongation.
In fact, electronic devices in body areas of smart garment
are required to be two-dimensionally ﬂexible (including in-plane
stretching), while those in curved parts, such as elbows, knees
and hip, to be 3D deformable (involving bending, shear and in-
plane extension) to accommodate the movable comfort of human
bodies. Therefore, the relation between electronic behavior and
in-plane tensile including biaxial and multidirectional (in three
and even more axis) elongation, plays a major role in electro-
mechanical properties of ﬂexible sensors. To explore the in-plane
tensile properties, several papers have reported on the deforma-
tion of non-conductive knitted fabric under strip biaxial elongation
(SBE), and corresponding theoretical models of stress–strain have
also been proposed [21–24]. To date, however, few studies can
give explanations for the connection between biaxial elongation
and the electrical behavior of conductive fabric, and no theoretical
equations are given to explore the equivalent resistance calculation
of knitting sensor made by plating technique under strip biaxial
elongation (SBE).
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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In this paper, a new equivalent circuit network based on loop
egments resistance is proposed to explore the relation between
he fabric deformation and its equivalent resistance under SBE.
hen specimens under larger extension were measured to verify
he validity of this model both experimentally and theoretically.
. Theoretical
Biaxial elongation is generally divided into three cate-
ories, strip biaxial elongation (SBE)-stretched in one direction
nd ﬁxed in perpendicular axis, and equal biaxial elongation
EBE)-simultaneous elongation along two mutually perpendicular
irections, and another biaxial elongation, where stretching speeds
n two mutually perpendicular directions are various. Strip biaxial
longation is usually used to analyze mechanical behavior of tex-
iles in each direction, which is the basic prerequisite for further
esearching biaxial extension properties.
The loop form change is one of the structural features of knitted
abrics under strip biaxial elongation. And its tensile deformation
rocess is divided into the following steps:
1) The curved yarn is stretching up to the critical stretch state
which is a virtual state where the yarns are straightened with-
out yarn elongation itself.
2) The elongation of the straightened yarn starts.
In addition, the following phenomena accompany these two
teps:
1) Loop transferring occurs among head loop, leg and sinker loop
due to the slipping of yarns with respect to each other at the
interlacing.
2) Compression deformation of the yarn occurs at the link point.
.1. Basic assumptions
The length-related resistance determines the equivalent resis-
ance of knitting sensor, basing on the fact that length of loop
egments changes with loop transferring during stretching [25,26].
o the circuit equivalent network is assumed to be related to head
oop resistance Ra, leg resistance Rb and sinker loop resistance Rd.
nd there is no change in each stitch length and in the yarn con-
uctivity per unit length. Fig. 1 shows the loop structure (a) and
he relevant equivalent circuit network (b) of 2 course × 2 wale
onductive area in dashed box with knitting plating technology,
n which the conductive yarn stitches are shown by black loops
nd its ﬂoat yarns are in the technical back. Each stitch contains
hree parts, namely, a head loop La (mm),  two legs Lb (mm)  and a
Fig. 1. The loop structure of 2 course × 2 wale (a) and itstors A 220 (2014) 118–125 119
sinker loop Ld (mm).  By using the same method, the circuit net-
works of 2c × 1w, 2c × 2w, 2c × 3w, 3c × 1w and 4c × 1w can be
found in Fig. 2, where the resistance units in the dashed boxes in
Fig. 2(b), (c) and (d), (e) are the repeating ones in course and wale
direction, respectively.
2.2. The calculation of equivalent resistance
According to the Kirchhoff’s voltage law (KVL) and Kirchhoff’s
current law, the circuit network of 2c × 1w can be seen in Fig. 3,
where U is the total voltage, i is branch current and It is the total
current. Eq. (1) is gained by using KVL. And equivalent resistance
expression of 2c × 1w, shown as Eq. (2), can be obtained by solv-
ing Eq. (1). By using the same method, the equivalent resistance
of above-mentioned circuit networks can be calculated, shown as
equations in Table 1.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩
(Ra + 2Rb + Rd)It −
(
Rb +
1
2
Rd
)
i1 − Rai2 −
(
Rb +
1
2
Rd
)
i3 = U
−
(
Rb +
1
2
Rd
)
It + (Rb + Rd)i1 = 0
−RaIt + 2(Ra + Rb)i2 = 0
−
(
Rb +
1
2
Rd
)
It + (Rb + Rd)i3 = 0
(1)
Re(2,1) =
U
It
= R
2
aRb + R2aRd + 2RaR2b + 4RaRbRd + 2R2bRd + RaR2d + RbR2d
2(RaRb + RaRd + R2b + RbRd)
(2)
2.2.1. Resistance variation in course direction
Eq. (7) obtained from Eqs. (2)–(4) shows the relationship among
the equivalent resistances of 2c × 1w, 2c × 2w and 2c × 3w,  together
with Fig. 1(b) stating that series connection of equivalent resistance
of knitting sensor exists in the course direction. Therefore, Re(m,n),
the equivalent resistance of conductive section with m courses and
n wales, can be deduced into Eq. (8).{Re(2,2) = 2Re(2,1)
Re(2,3) = 3Re(2,1)
(7)
Re(m,n) = nRe(m,1) (8)
 corresponding equivalent resistance network (b).
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Fig. 2. The circuit networks of 2c × 1w (a), 2c × 2w (b), 2c × 3w (c), 3c × 1w (d) and 4c × 1w (e).
Table 1
Equivalent resistance expressions of 2c × 2w (3), 2c × 3w (4), 3c × 1w (5) and 4c × 1w (6).
Eqs. Re(m,n)
(3) Re(2,2) =
R2aRb+R2aRd+2RaR2b+4RaRbRd+2R
2
b
Rd+RaR2d+RbR
2
d
(RaRb+RaRd+RR2b+RbRd)
(4) Re(2,3) =
3(R2aRb+R2aRd+2RaR2b+4RaRbRd+2R
2
b
Rd+RaR2d+RbR
2
d
)
2(RaRb+RaRd+R2b+RbRd)
(5) Re(3,1)
3R2aR
3
d
+16RaR3bRd+28RaR
2
b
R2
d
+8RaRbR3d+28R
2
aR
2
b
Rd+22R2aRbR2d+8R
3
b
R2
d
+4R2
b
R3
d
+3R3aR2d+8R
2
aR
3
b
+4R3aR2b+8R
3
aRbRd
16RaR3+12R2R2+16R3R +12R2R2+9R2R2+48RaR2bRd+24R
2R R +24RaR R2
6R4aR
2
b
Rd
6R2aR
3
b
R
2
t
a
t
t
i
b
a
Rd)
>
R ) + b a b b d b d a d
(6) Re(4,1) =
R4aR
3
d
+5R2aRbR4d+12R
3
aRbR
3
d
+28R3aR2bR
2
d
+4R3aR4b+20R
3
aR
3
aRd+
4R3aR
3
d
+56RaR3bR
2
d
+68R2aR2bR
2
d
+5
.2.2. Resistance variation in wale direction
Equations in Table 1 reveal that both numerators and denomina-
ors are the sum of products of three length resistances Ra, Rb and Rd,
nd that the sum of powers in each term of numerators is one more
han that of denominators. To simplify the mathematical equa-
ion of equivalent resistance, the calculation method of inequality
s applied. Firstly, its minimum and maximum resistances can
e obtained by deleting and adding certain terms in the numer-
tor respectively. According to the factorization law, re-shaped
⎧⎪⎪⎪⎪⎨ Re(2,1) =
2(RaRb + RaRd + R2b + RbRd)((1/2)Ra + (1/2)Rd) + (RaR2b + 2RaRbRd + R2b
2(RaRb + RaRd + R2b + RbRd)
2(R R + R R + R2 + R R )((1/2)R + (1/2)R ) + (R R2 + 2R R R + R2⎪⎪⎪⎪⎩
Re(2,1) <
a b a d b b d a d a b a b d b d
2(RaRb + RaRd + R2b + RbRd)
=
(
1
2
Ra + Rb +
1
2
Rd
)
= Re(2,1) max
⇔ Re(2,1) min < Re(2,1) < Re(2,1) maxa b d b d
+5R4aRbR2d+R
3
aR
4
d
+2R4aR3b+4R
4
b
R3
d
+12R2aR4bRd+28R
2
aR
2
b
R3
d
+12RaR4bR
2
d
+20RaR3bR
3
d
+36R2aR3bR
2
d
+2R3
b
R4
d
+6RaR2bR
4
d
d+24RaR4bRd+24R
3
aR
2
b
Rd+8R3aR3b+20R
2
aRbR
3
d
+24RaR2bR
3
d
+12R4
b
R2
d
+8R3
b
R3
d
+12R2aR4b
numerator is transformed into a product of several expressions, one
of which is equal to corresponding denominator. After removing
the common factor in both numerator and denominator, threshold
values of equivalent resistance can be developed. For example, the
simpliﬁcation process of Eq. (2) is shown as Eq. (9). It can be found
that there must be the 21Ra + 22Rb + 23Rd between Re(2,1)min and
Re(2,1)max, whose value is closest to the real Re(2,1). Therefore, the
calculation theory of Re(2,1) is assumed to be Eq. (10), where 2i are
coefﬁcients of Ra, Rb and Rd.
2(RaRb + RaRd + R2b + RbRd)((1/2)Ra + (1/2)Rd)
2(RaRb + RaRd + R2b + RbRd)
=
(
1
2
Ra + 12 Rd
)
= Re(2,1) min
(RaR2b + 2R3b + R2bRd) =
2(RaRb + RaRd + R2b + RbRd)((1/2)Ra + (1/2)Rd + Rb) (9)2(RaRb + RaRd + R2b + RbRd)
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e(2,1) ≈ 21Ra + 22Rb + 23Rd (10)
According to the above-mentioned simpliﬁcation method, the
eneral formulas of Re(3,1) and Re(4,1) can be obtained by Eq. (11),
here 3i and 4i are constants. After that, the theoretical model
f equivalent resistance of m c × 1w can be deduced into Eq. (12),
here mi is constant and length (/mm)  is the resistance of con-
uctive yarn per length.
1
3
Ra + 13Rd < Re(3,1) ≈ 31Ra + 32Rb + 33Rd <
1
3
Ra + 23Rb +
1
3
Rd
1
4
Ra + 14Rd < Re(4,1) ≈ 41Ra + 42Rb + 43Rd <
1
2
Ra + 12Rb +
1
4
Rd
(11)
e(m,1) ≈ m1Ra + m2Rb + m3Rd = length(m1La + m2Lb + m3Ld)
(12)
Finally, the theoretical equation of equivalent resistance of m
ourse × n wale knitting sensor with relation to loop segments
ength, shown as Eq. (13), can be gained from Eqs. (8) and (12).
e(m,n) = nRe(m,1) = nlength(m1La + m2Lb + m3Ld) (13)
.3. Length calculation of loop segments based on fabric
eformation
Fig. 4 shows the loop shape at initial state (a) and under two
inds of strip biaxial elongation (b) and (c), respectively. Several
apers [27,28] have reported that the yarn axis of knitted loop at
elaxed state follows a path composed of circular arcs and straight
ines, and the narrowest of a loop touches the widest of the next
oop. Hence, Fig. 4(a) is the geometrical structure of knitted stitch
t initial state, in which both head loop and sinker loop are semi-
ircles with diameters of a0 (mm)  and D (mm),  respectively. a0 is
he initial maximum space between two legs axes. The empirical
alculating formulas of head loop (La), leg (Lb) and sinker loop (Ld)
re obtained by analyzing geometrical structure and are shown as
q. (14), where A0 (mm)  and B0 (mm)  are the initial wale spac-
ng and course spacing, PA (wales/50 mm)  and PB (courses/50 mm)
re the initial course-wise density and wale-wise density, respec-
ively, 0 is the initial angle between leg and horizontal level (course
irection), and L0 is the stitch length.
When knitted fabrics are stretched, it occurs extending of the
urved yarn in each loop and yarn segment transferring among
ead loop, leg and sinker loop. Then adjacent yarns at the inter-
acing touch closely with each other. Due to the extension is at
mall strain range, following assumptions are considered to sim-
lify the geometrical structure of knitted loop under SBE-X and
BE-Y, namely (1) curved yarns are straightened without elonga-
ion itself, so the diameter d (mm)  of yarn keep unchanged and the
pace between two yarn axes at the interlacing is d. (2) Both head
oop and sinker loop are divided into one straight length ls betweentors A 220 (2014) 118–125 121
two link points and two arc lengths lc at the interlacing. Compared
with the evident stretching of yarn segment ls, the straightening of
lc which bends around the point of contact makes little difference
in the extending of head loop and sinker loop. Then the value of lc
is assumed to remain the same under elongation.
Fig. 4(b) and (c) demonstrates the loop forms when knitting sen-
sor is stretched under SBE-X (fabric is stretched in x direction and
its strain in y direction keeps unchanged) and under SBE-Y (fab-
ric is stretched in y direction and ﬁxed in x direction) respectively,
where x direction means course of knitted fabric and y direction
is wale. The wale spacing Ax increases at the same speed as strain
does under SBE-X, while the course spacing Bx remains B0. When it
comes to SBE-Y, By follows strain growing in y direction, while Ay
is equal to A0. Due to the fact that maximum leg spacing a changes
with the applied strain, the relations between them under SBE-X
and SBE-Y, shown as Eq. (17), can be obtained by ﬁtting measured
values of a and strain. x and y are angles between leg and course
direction under SBE-X and SBE-Y, respectively.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
La = 2 a0
Lb =
B0
sin 0
Ld =

2
D = 
2
(
A0 − a0 +
2B0
tan 0
)
L0 = La + 2Lb + Ld =
2B0
sin 0
+ 
2
(
A0 +
2B0
tan 0
)
where A0 =
50
PA
, B0 =
50
PB
(14)
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩
Lax = 2lc + lsa = 20d180 +  (ax − 2d + 2d cos x) = f (ax, x)
Lbx =
Bx
sin x
= B0
sin x
= f (x)
Ldx = 2lc + lsd =
20d
180
+  A0(1 + εx) − ax + 2d cos x) = f (εx, x)
Lx = Lax + 2Lbx + Ldx =
40d
180
+  A0(1 + εx) + 4d cos x + 2B0sin x
− 2d
(15)
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩
Lay = 2lc + lsa = 20d180 +  (ay − 2d + 2d cos y) = f (ay, y)
Lby =
By
sin y
= B0(1 + εy)
sin y
= f (εy, y)
Ldy = 2lc + lsd =
20d
180
+  (A0 − ay + 2d cos y) = f (ay, y)
Ly = Lay + 2Lby + Ldy =
40d
180
+  A0 + 4d cos y +
2B0(1 + εy)
sin y
− 2d
(16)
{
ax = f (εx)
ay = f (εy)
(17)
2.4. Determination of equivalent resistance parameters
According to the basic assumption that there is no change in
stitch length under strip biaxial elongation, here comes Eq. (18). The
functional relationship between strain and angle , shown as Eq.
(19), can be presented by solving Eq. (18). Then the theoretical value
of  can be directly calculated by certain strain. After connecting
Eqs. (19) and (17), it can be found that the calculating values of
loop segments length, shown as Eqs. (15) and (16), are only related
to applied strain. Then the calculated results of these lengths can
be obtained by given strain value.
Theoretically, the relationship between the calculated results
of sensor resistance and loop segments length, shown as Eq. (13),
agrees with that between the data from experiments. To determine
122 J. Xie, H. Long / Sensors and Actuators A 220 (2014) 118–125
gatio
t
b
L
e
L
⎧⎪⎨
⎪⎩Fig. 4. The loop structure models under relaxed state (a), strip biaxial elon
his theoretical model, the unknown constants i can be calculated
y substituting experimental results of sensor resistance, La, Lb and
d into Eq. (13). Then it can be applied to predict the theoretical
quivalent resistance in any deformation state.
0 = Lx = Ly (18)
ε = L0 + 2d − A0 − (40d/180) − 4d cos x − 2B0x
A0 A0 A0 sin x
εy =
(L0 + 2d − A0 − (40d/180)) sin y
2B0
− 2d sin y cos y
B0
− 1
(19)
Fig. 5. Experimental setup measuring electrical resn in course direction (b) and strip biaxial elongation in wale direction (c).
3. Experimental
3.1. Materials
The conductive knitted samples used in experiments is shown
at the upper right corner of Fig. 5 and includes two kinds of
non-conductive yarns (one is polyamide ﬁlament and the other
is polyamide/spandex core-spun yarn) and one silver-coated con-
ductive yarn with resistance of 0.5 /mm, which line density
is 100D/40F. Specimens with the course-wise density of 80
wales/50 mm and wale-wise density of 140 courses/50 mm were
manufactured by plating technique on a seamless knitting machine
istance and deformation of knitting sensors.
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n levels (a–e) and loop parameters measurement (f).
o
t
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w
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a
4
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e
p
v
0
f
b
w
of La, Lb and Ld under SBE-X and SBE-Y, respectively, and the simu-
lated values are in accordance with those from experiments withinFig. 6. Images of specimen under various strai
f SANTONI SM8  Top2. The size of specimens is 16 cm × 16 cm,  in
he center of which the conductive section is about 3 cm × 3 cm (82
ourses × 48 wales).
.2. Equipment
Fig. 5 shows the experimental setup. The load and strain of spec-
men was measured by DRong X-Y Biaxial Material Tester, in which
wo pairs of clamp were used to ﬁx the sample in both course and
ale directions. By using four-wire sensing method, the resistance
ariation of specimen was tested by Rigol Digital Multimeter 3068.
esides, the video camera SONY DCR-SR200E was  used to record
he loop deformation in the whole elongation process.
.3. Methods
Firstly, specimens were stretched in course direction and ﬁxed
n wale direction (strip biaxial elongation in x direction, SBE-X). Sec-
ndly, samples were tested under SBE-Y (stretching in y direction
nd ﬁxed in x direction). In both experiments, the speed of clamps
as 60 mm/min  and the pre-load was 0.1 N. The experiments were
ot ﬁnished until εx under SBE-X and εy under SBE-Y came to 30%.
In experiments of veriﬁcation, samples were tensed under
he above-mentioned condition except the maximum strain was
lmost 40%.
. Results and discussion
.1. Length variation of loop segments under strip biaxial
longation
The real-time change of La, Lb, Ld, a and  and the initial loop
arameters, such as diameter D, d, a0 and 0 were recorded by
ideo camera. Images of specimen under various strain levels like
, 15% and 30% under SBE-X and SBE-Y (Fig. 6a–f) were chosen
rom videos. To obtain the values of loop parameters, the distances
etween key points in each loop shown by black dots in Fig. 6(f)
ere measured by MATLAB mathematical software. Figs. 7 and 8Fig. 7. Experimental and ﬁtting results of maximum leg spacing a and strain under
SBE-X.
obtained from data processing software Origin shows the exper-
imental and ﬁtting results of maximum leg spacing a and strain
under SBE-X and SBE-Y respectively, and the large determina-
tion coefﬁcients r2 (more than 0.98) indicates a good agreement
between the experimentally obtained results and the calculated
ones. Figs. 9 and 10 show the experimental and calculated resultsFig. 8. Experimental and ﬁtting results of maximum leg spacing a and strain under
SBE-Y.
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Fig. 9. Experimental and calculated results of length of loop segments under SBE-X.
Fig. 10. Experimental and calculated results of length of loop segments under SBE-Y.
F
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e
4
a
u
s
w
F
Fig. 13. Experimental and theoretical results of sensor resistance under verifying
experiments of SBE-X.ig. 11. The simulated and experimental results of the fabric resistance under SBE-X.
n acceptable accuracy, which veriﬁes the validity of the analytical
quations for predicting the loop segments length variation.
.2. The comparison between calculated and experimental results
The calculated formulas of equivalent resistance under SBE-X
nd SBE-Y are shown by Eq. (20) to predict sensor resistance
nder certain deformation. Figs. 11 and 12 illustrate that the
imulated results of equivalent resistance of specimens accord
ith those from experiments under SBE-X and SBE-Y, respectively.
ig. 12. The simulated and experimental results of the fabric resistance under SBE-Y.Fig. 14. Experimental and theoretical results of sensor resistance under verifying
experiments of SBE-Y.
To better validate this mathematical model, Eq. (20) is used to
obtain the theoretical values of equivalent resistance when spec-
imens are stretched to 40% under SBE-X and SBE-Y, respectively.
Figs. 13 and 14 display the experimental and theoretical results
of sensor resistance, where both curves are close to each other
within acceptable accuracy. The theoretical model of equivalent
resistance, therefore, can be used to predict fabric resistance
according to given strain and in turn predict the fabric deformation
from the measured resistance in future textile devices application.{
Re = 41 × (2.76La − 1.38Lb − 1.09Ld) SBE-X
Re = 41 × (0.41La − 0.46Lb − 0.23Ld) SBE-Y
(20)
5. Conclusion
From the results described above, it is concluded that by
using the new circuit network based on length resistance of loop
segments, the relationship between equivalent resistance and
deformation of knitting sensor under strip biaxial elongation has
been derived for the ﬁrst time. The analytical equations used to
determine loop segments length are also proved to be effective to
describe the yarn transfer in loop under strip biaxial elongation.
Besides, the results strongly suggest occurrence of no change in
the total length of the elemental threads of the knitting sensor on
applied strain. In future work, the theory of equivalent resistance
with relation to sensor deformation can reduce the time and cost
to study the electro-mechanical properties of electronic knitting
materials.
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